Betaglycan is a coreceptor for the transforming growth factor β (TGF-β) family of signaling proteins, which have numerous essential roles in regulating cellular growth and differentiation, in both developing embryos and adults.^[@ref1]−[@ref3]^ Betaglycan is expressed in many cell types and is typically present at levels much higher than those of the type I and type II signaling receptors of the family,^[@ref4],[@ref5]^ which in contrast to betaglycan are required for signaling.^[@ref6]^ Betaglycan binds several ligands of the TGF-β family, including the TGF-β isoforms TGF-β1--TGF-β3, as well as inhibins, and in cultured cells enhances their association with their type II receptors, TβRII and ActRII or ActRIIB.^[@ref4],[@ref7]^ Betaglycan binds TGF-β2 with the highest affinity,^[@ref8]^ which is important for the function of this ligand, as TGF-β2 binds TβRII 200--300-fold more weakly than TGF-β1 and TGF-β3.^[@ref4],[@ref9],[@ref10]^ Cells that do not express betaglycan do not respond to TGF-β2 as robustly as they do to TGF-β1 and TGF-β3, requiring in some cases as much as 100--500-fold higher concentrations to achieve the same response.^[@ref9]−[@ref11]^ Cells that naturally express betaglycan or that do not but exhibit ectopic expression respond to TGF-β2 with potencies similar to those of TGF-β1 and TGF-β3.^[@ref4],[@ref8],[@ref12]^ Betaglycan also enhances the binding of inhibin A to the type II receptors, ActRII and ActRIIB, which inhibits the response of activin by sequestering its type II receptors, ActRII and ActRIIB, in a dead-end complex incapable of recruiting a type I receptor.^[@ref7],[@ref13],[@ref14]^ Thus, in some instances, betaglycan functions to enhance the signaling of TGF-β family ligands, while in other instances, it is inhibitory.

Betaglycan is a transmembrane proteoglycan with heparan and chondroitin sulfate chains, but these are not required for binding of TGF-β ligands.^[@ref8],[@ref15]^ Betaglycan has a large extracellular domain, comprised of two subdomains, a membrane distal orphan domain and a membrane proximal zona pellucida domain^[@ref16]^ ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A). The zona pellucida domain binds inhibins and TGF-βs, while the orphan domain binds only TGF-βs.^[@ref8],[@ref14],[@ref17]−[@ref19]^ Cross-linking studies have demonstrated TGF-β/TβRII/betaglycan complexes on the cell surface.^[@ref4]^ Furthermore, Esparza-Lopez and colleagues reported that while both orphan and zona pellucida domains are capable of independently promoting TGF-β2-mediated Smad-2 phosphorylation, only full-length betaglycan or the betaglycan orphan domain increases the level of TGF-β2 radiolabeling of TβRII.^[@ref8]^ Thus, both domains are capable of independently promoting TGF-β2-mediated signaling, while only the orphan domain appears to be sufficient for enhancing TGF-β2/TβRII complex formation.

![Betaglycan's domain structure and isolation of these domains. (A) Schematic diagram of the betaglycan domain structure, with the N-terminal orphan domain (BG~O~) colored cyan and the N- and C-terminal zona pellucida domains (BG~ZP-N~ and BG~ZP-C~, respectively) colored red and green, respectively. Glycosaminoglycan chains attached to two residues in the ZP-N subdomain are shown schematically as beads on a string. Disulfide bonds are represented by S--S, while free cysteines are represented by -SH. (B--E) SDS--PAGE analysis of the purified betaglycan constructs run under nonreducing conditions. Predicted masses for the protein core are shown along the top of each gel. Proteins produced in mammalian cells (B--D) were run either as isolated (−) or as isolated but treated with a catalytic amount of the deglyocosidase, endoglycosidase H (EndoH) (+).](bi-2016-00566d_0001){#fig1}

Betaglycan also functions as an inhibin coreceptor by enhancing its binding to ActRII.^[@ref7]^ Complexes of betaglycan with inhibin A and ActRII can be found on the cell surface.^[@ref7]^ The major difference between TGF-β and inhibin is that both domains of betaglycan bind TGF-β, while only the zona pellucida domain binds inhibin.^[@ref8],[@ref14],[@ref15],[@ref19]^ Makanji et al. reported the betaglycan binding site on inhibin A, which lies on finger 2 of the betaglycan binding α subunit.^[@ref20]^ Inhibin A's P51, V108, S112, and K119 contribute to binding of betaglycan, with V108 and K119 being the most important. Interestingly, a corresponding set of residues is also present in the TGF-βs (P36, I88, T95, and K97), and these lie immediately adjacent to residues in TGF-β's TβRII binding site, including R25, V92, and R94 in TGF-β1 and -β3 and K25, I92, and K94 in TGF-β2.^[@ref9],[@ref21]^ Thus, it is conceivable the zona pellucida domain of betaglycan and TβRII have overlapping binding sites, which would be consistent with the report of Esparza-Lopez that the zona pellucida domain alone does not increase the level of TGF-β2 labeling of TβRII on the cell surface.

Biophysical studies have begun to shed light on the mechanism by which betaglycan functions. By surface plasmon resonance (SPR)-based binding studies, it has been shown that the betaglycan orphan and zona pellucida domains bind TGF-βs at independent sites.^[@ref22]^ By deletion analysis and accompanying functional studies, it has been shown that betaglycan's zona pellucida domain is comprised of tandem immunoglobulin-like domains and that the ability of this domain to bind to TGF-βs and inhibins resides exclusively in the C-terminal immunoglobulin-like domain.^[@ref14],[@ref19]^ Recently, structures of the C-terminal immunoglobulin-like domain of rat and mouse betaglycan have been reported,^[@ref23],[@ref24]^ and through accompanying functional studies, it has been suggested this domain binds TGF-βs through an extended loop region, known as an EHP motif.^[@ref24]^

Beyond this, little is known about the precise nature of the complexes betaglycan forms with TGF-βs and how complex formation might potentiate receptor binding and signaling. Here, we report an in-depth study of the binding of the TGF-β isoforms to the betaglycan extracellular domain, as well as its two independent binding domains, either directly or in combination with the ectodomains of the TGF-β type I and type II receptors, TβRI and TβRII, respectively, using surface plasmon resonance (SPR), isothermal titration calorimetry (ITC), and size-exclusion chromatography (SEC). These studies show that betaglycan binds TGF-β homodimers with a 1:1 stoichiometry, but in a manner that allows one molecule of TβRII to bind. These studies further show that betaglycan modestly potentiates the binding of TβRII but must be displaced to allow TβRI to be recruited. These findings suggest that betaglycan functions to bind and concentrate TGF-β2 on the cell surface and thus promote the binding of TβRII by membrane-localization effects and allostery. These studies further suggest that the transition to the signaling complex is mediated by the recruitment of TβRI, which simultaneously displaces betaglycan and stabilizes the bound TβRII by direct receptor--receptor contact.

Experimental Procedures {#sec2}
=======================

Protein Preparation {#sec2.1}
-------------------

Recombinant human TGF-β2 and the TGF-β2TM variant bearing Lys25 → Arg, Ile92 → Val, and Lys94 → Arg substitutions^[@ref9]^ were expressed in *Escherichia coli* as insoluble inclusion bodies and refolded and purified as described previously.^[@ref25]^ TβRI-ED and TβRII-ED were expressed in *E. coli* as insoluble inclusion bodies and refolded and purified as described previously.^[@ref26],[@ref27]^

To produce BG~O~, bacterial T7 expression vector pET32a (EMD Millipore, Billerica, MA) was modified so that the coding sequence for a thrombin cleavage site (LVPRGS) downstream of the thioredoxin-hexahistidine tag coding cassette was replaced with the coding sequence for a tobacco etch virus (TEV) protease cleavage site (ENLYFQG). The coding sequence for residues 24--384 of rat betaglycan was inserted downstream of the TEV cleavage site and modified using site-directed mutagenesis (Quikchange, Agilent, Santa Clara, CA) so that Cys225 was substituted with serine. The entire length of the coding cassette was verified by DNA sequencing.

The thioredoxin--BG~O~ fusion protein was overexpressed in BL21(DE3) cells cultured in LB medium at 37 °C containing 150 μg/mL ampicillin. Expression of thioredoxin-BG~O~ was induced with 1 mM IPTG when the absorbance at 600 nm was 0.6. Cells were harvested by centrifugation and resuspended in 100 mM Tris, 10 mM EDTA, and 1 mM phenylmethanesulfonyl fluoride (PMSF) (pH 8.0) and lysed by sonication. Inclusion bodies containing the overexpressed fusion protein were isolated by washing the insoluble fraction with lysis buffer with 500 mM NaCl and 0.5% Triton X-100 and solubilized in 8 M urea, 25 mM Tris, and 7.5 mM imidazole (pH 8.0). Solubilized inclusion bodies were then loaded onto a Ni-NTA column (Qiagen, Valencia, CA) equilibrated with solubilization buffer. The resin was washed in solubilization buffer, and the histidine-tagged fusion protein was eluted with solubilization buffer with 300 mM imidazole. The eluted protein was reduced with 50 mM reduced glutathione (Sigma, St. Louis, MO) and added to folding buffer \[20 mM Tris, 5% glycerol, and 0.5 mM oxidized glutathione (pH 9.0)\] (Sigma-Aldrich, St. Louis, MO) such that the final protein concentration was 0.1 mg/mL and the final reduced glutathione concentration was 2 mM. After being stirred overnight at 4 °C, the folding mixture was adjusted to pH 8.0 by adding solid Na~2~HPO~4~ and then loaded onto a Ni-NTA column equilibrated with 25 mM Tris-HCl and 5% glycerol (pH 8.0). The resin was washed with equilibration buffer and eluted with equilibration buffer with 300 mM imidazole. The thioredoxin and hexahistidine tag were removed by treating the isolated fusion protein with TEV protease. BG~O~ was separated from the thioredoxin by passing the digestion mixture over a Ni-NTA column equilibrated with 25 mM Tris (pH 8.0) and 5% glycerol and by binding the eluate to a Source Q ion exchange column (GE Healthcare, Piscataway, NJ) equilibrated with 25 mM Tris (pH 8.0) and 5% glycerol. BG~O~ was isolated by eluting the ion exchange column with a linear 0 to 0.25 M NaCl gradient. BG~O~ produced by this method was used for all of the measurements shown, except the ITC measurements shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}, which used a sample produced in mammalian cells (described below).

The full-length betaglycan extracellular domain (BG~O-ZP~) and the orphan, ZP, and ZP-C subdomains (BG~O~, BG~ZP~, and BG~ZP-C~, respectively) were expressed as secreted proteins in a Chinese hamster ovary (CHO) cell line (CHO-lec3.2.8.1) using the method previously described for TGF-β1^[@ref28]^ (BG~O-ZP~, BG~ZP~, and BG~ZP-C~) or HEK-293 expi cells (Invitrogen, Carlsbad, CA) (BG~O~). This was accomplished by modifying the previously described pcDNA3.1+ expression vector for TGF-β1^[@ref28]^ to include a NotI restriction site immediately following the last residue of the rat serum albumin signal peptide. DNA fragments encoding the different domains of rat betaglycan \[residues 24--761 for the full-length betaglycan extracellular domain, residues 24--383 for the orphan domain (BG~O~), residues 450--761 for the full-length zona pellucida domain (BG~ZP~), and residues 589--761 for the C-terminal portion of the zona pellucida domain (BG~ZP-C~)\] together with a C-terminal hexahistidine sequence were generated using polymerase chain reaction (PCR) primers that introduced NotI and ApaI restriction sites on the 5′ and 3′ ends, respectively. PCR products were digested with NotI and ApaI and then ligated into the modified form of the TGF-β1 expression vector described above.

Stably transfected CHO cells expressing BG~O-ZP~, BG~ZP~, and BG~ZP-C~ were generated by culturing CHO-lec3.2.8.1 cells to near confluence in a T-25 flask maintained in nonselective medium, DMEM/F12 (Gibco, Gaithersburg, MD), containing 5% fetal bovine serum (FBS) (GE Healthcare). Prior to transfection, the medium was replaced with 4 mL of fresh DMEM/F12 supplemented with 5% FBS. Lipofectamine 2000 (Invitrogen) (30 μL) and the betaglycan pcDNA3.1+ plasmid DNA (10 μg) were diluted with 500 μL each of OPTI-MEM I (Gibco) medium and then combined and incubated at room temperature for 20 min. The mixture in OPTI-MEM I medium was then added to the flask of confluent cells. After 24 h, the medium was replaced with fresh DMEM/F12 supplemented with 5% FBS, and 2 days post-transfection, the cells were trypsinized and seeded in 10 96-well plates and cultured in 150 μL/well of selection medium, glutamine-free GMEM-S (SAFC Biosciences) supplemented with 5% FBS, GS supplement (Sigma-Aldrich), and 30 μM methionine sulfoximine (MSX) (Sigma-Aldrich). After 3 weeks, the medium from wells containing colonies was assayed for protein expression by an enzyme-linked immunosorbent assay (ELISA) using a rabbit-derived anti-betaglycan IgG. The 24 most strongly expressing clones were transferred into a 24-well plate containing 500 μL of selection medium and assayed again by an ELISA. The clone with the highest level of expression was expanded into six T-225 flasks in 50 mL of selection medium; once confluent, the cells were washed with PBS, and the medium was replaced with 50 mL of CHO-S-SFM II per flask (Gibco).

The CHO-S-SFM was collected every 2--4 days for five or six cycles and stored at −20 °C. The collected medium was thawed, centrifuged at 6000*g*, filtered with a 0.22 μm poly(ether sulfone) filter, and diluted with 1 volume of loading buffer \[25 mM Tris (pH 8.0), 150 mM NaCl, and 10 mM imidazole\]. The diluted medium was passed over a column of Ni-NTA (Qiagen, Valencia, CA) equilibrated with loading buffer. The resin was washed in loading buffer, and the histidine-tagged protein was eluted with loading buffer with 300 mM imidazole. The proteins were further purified on a Superdex 200 16/60 size-exclusion column (GE Healthcare) equilibrated in 25 mM Tris and 50 mM NaCl (pH 8.0). To test for glycosylation, 1 unit of endoglycosidase H (New England Biolabs, Ipswich, MA) per microgram of BG~O-ZP~, BG~ZP~, or BG~ZP-C~ was incubated at 37 °C in 0.5 M sodium citrate (pH 5.5).

The betaglycan orphan domain, BG~O~, was expressed by transient transfection of HEK293 expi cells (Invitrogen, Carlsbad, CA) grown in suspension in Expi 293 medium at 8% CO~2~ and 80% humidity and rotating at 125 rpm. The HEK-293 expi cells were grown to a density of 2.5 × 10^6^ cells/mL and incubated with 1.5 μg of cesium chloride gradient-purified plasmid DNA and 3.0 μg of polyethylenimine (Polysciences, Warrington, PA) per milliliter of cells. Sixteen hours later, valproic acid (Sigma-Aldrich) was added to a final concentration of 2.2 mM.^[@ref29]^ Conditioned media were collected by centrifugation 4 days after the transfection, and BG~O~ was purified as described above for BG~O-ZP~, BG~ZP~, or BG~ZP-C~.

SPR Binding Measurements {#sec2.2}
------------------------

SPR binding analyses were performed with a Biacore 3000 surface plasmon resonance instrument (GE Healthcare). All SPR experiments, except those reported in [Table 1 of the Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.6b00566/suppl_file/bi6b00566_si_001.pdf), were performed using TGF-βs biotinylated in 25 mM MES (pH 4.8) with a 100-fold molar excess of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide·HCl (EDC), a 25-fold molar excess of *N*-hydroxysulfosuccinimide (Sulfo-NHS), and a 100-fold molar excess of EZ-Link Amine-PEG~3~-biotin (Pierce, Rockford, IL). SPR experiments, reported in [Table 1 of the Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.6b00566/suppl_file/bi6b00566_si_001.pdf), were performed using TGF-β2 biotinylated by prebinding it to BG~O-ZP~ in 10 mM sodium phosphate and 140 mM NaCl (pH 7.5) followed by treatment with 1 molar equivalant of sulfo-NHS-LC-LC-Biotin (Pierce). The biotinylation reactions were quenched with 10 volumes of 100 mM acetic acid, and the biotinylated TGF-βs were isolated by ion exchange chromatography (Source S, GE Healthcare) at pH 4.0 in 25 mM NaOAc and 30% isopropanol. Streptavidin was coupled to a CM5 sensor chip (GE Healthcare) by activation with EDC/NHS to 3000--5000 resonance units (RUs). Biotinylated TGF-βs were captured on the streptavidin surface at a density of 150--200 RUs. All experiments were performed in HBS-EP buffer \[10 mM Hepes (pH 7.4), 150 mM NaCl, 3 mM EDTA, and 0.005% surfactant P20\].

Equilibrium experiments were performed for TβRII, BG~O~, BG~ZP~, BG~ZP-C~, and BG~O-ZP~ binding to TGF-β2 and TGF-β2TM. A series of 2-fold dilutions (from 4 to 0.002 μM) were injected and allowed to associate and reach equilibrium for 15 min at a flow rate of 10 μL/min. The protein was then allowed to dissociate for 5 min. The injections were performed in duplicate. The surface was then regenerated with a brief injection of 4 M guanidinium hydrochloride (10 s, 100 μL/min). In experiments with saturating protein, the protein was present throughout the experiment, i.e., in both the buffer and the injected samples. The concentrations of protein used for saturation were 4 μM for TβRII, 80 nM for BG~O-ZP~, and 800 nM for BG~O~. In all cases, the equilibrium data were processed and analyzed using the software package Scrubber 2 and double referencing was used to remove background binding and instrument noise. The equilibrium response was normalized by dividing the response by the molecular weight of the analyte in daltons and multiplying by 100000. A standard binding curve \[*y* = (*R*~max~\[conc\])/(*K*~D~ + \[conc\])\] was used to fit the normalized equilibrium response at the end of the injection as a function of concentration to derive *R*~max~ and *K*~D~ (KaleidaGraph, Synergy Software, Reading, PA).

Competition experiments were performed by first injecting 1.0 μM receptor (1.0 μM TβRII alone or 1.0 μM TβRII with 1.0 μM BG~O~ or 1.0 μM BG~O-ZP~) at a flow rate of 10 μL/min to saturate the TGF-β surface, followed by the same receptor at the same concentration and flow rate, but with increasing concentrations of TβRI (0.063, 0.13, 0.25, 0.50, 1.0, or 2.0 μM). The injections were performed in duplicate and randomized, with a 15 s pulse of 0.85% phosphoric acid to regenerate the TGF-β surfaces at the end of each injection cycle. All of the sensorgrams were referenced to the blank control surface and normalized to the start of the TβRI injection for comparison using BiaEval version 3.2 (GE Healthcare).

SEC and SEC--MALS {#sec2.3}
-----------------

Protein complexes for SEC were prepared in two steps. First, a 2.5:1 TβRII/TGF-β2TM binary complex was formed by holding the pH at 7.0 as a concentrated stock of TGF-β2TM in 100 mM acetic acid was added to TβRII in 0.2 M Tris (pH 7.0). Second, after the 2.5:1 TβRII/TGF-β2TM binary complex had been dialyzed into column buffer \[25 mM Tris, 100 mM NaCl, and 0.05% NaN~3~ (pH 7.0)\], the complex was combined with a concentrated stock of BG~O-ZP~ or BG~O~ in column buffer to achieve the desired molar ratio (0.75 equiv of BG~O-ZP~/equiv of TβRII/TGF-β2TM binary complex and 3 equiv of BG~O~/equiv of TβRII/TGF-β2TM binary complex). Samples were then concentrated to a volume of ≤0.5 mL and loaded onto a Superdex 200 16/60 column (GE Healthcare) equilibrated in buffer containing 25 mM Hepes and 150 mM arginine (pH 7.4) and run at a flow rate of 0.5 mL/min. Partition coefficients, *K*~av~, were calculated by the equation *K*~av~ = (*V*~e~ -- *V*~o~)/(*V*~t~ -- *V*~o~), where *V*~e~ corresponds to the elution volume for the species of interest and *V*~o~ and *V*~t~ correspond to the column void and total volumes, respectively.

SEC--MALS measurements on protein complexes were taken using a Superdex 200 Increase 10/300 GL column (GE Healthcare) in line with the multiwavelength UV detector of the Agilent high-performance liquid chromatography system (Agilent), multiangle light scattering (HELEOS, Wyatt Technology, Santa Barbara, CA), and refractive index detector (Optilab rEX, Wyatt Technology). Protein complexes for SEC--MALS were prepared in a manner identical to that described for the SEC samples, except the amount and volume of material injected were reduced by 5-fold. Typically, 100 μL of a protein solution was injected onto the SEC column at a flow rate of 0.5 mL/min in a buffer containing 25 mM Hepes and 150 mM arginine (pH 7.4). Instrument control and data analysis were performed with the Astra software package (Wyatt Technology).

Native Gel Electrophoresis {#sec2.4}
--------------------------

Protein samples were mixed under nonreducing conditions with an equal volume of native gel sample buffer \[20% glycerol and 3.0 M Tris (pH 8.4)\] at room temperature and immediately loaded onto a native polyacrylamide gel. Native gels were cast with a short (1 cm) 4% stacking gel buffered with 0.25 M Tris-HCl (pH 6.8) followed by a long (7 cm) 12% running gel buffered with 0.38 M Tris-HCl (pH 8.8) and run at 125 V for approximately 2 h.

Isothermal Titration Calorimetry {#sec2.5}
--------------------------------

ITC data were generated using a Microcal PEAQ-ITC instrument (Malvern Instruments, Westborough, MA). In [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}, a listing is provided of the buffers used and the proteins included in the syringe and sample cell (and their concentrations). In the two experiments performed without the detergent {3-\[(3-cholamidopropyl)dimethylammonio\]-1-propanesulfonate (CHAPS)} in the buffer, the proteins to be included in both the syringe and sample cell were dialyzed exhaustively against the buffer and concentrated as necessary prior to being transferred to the syringe or sample cell. In the experiment with CHAPS in the buffer, the protein to be included in the syringe was dialyzed and concentrated without CHAPS in the buffer. Immediately prior to the sample being loaded into the calorimetry syringe, CHAPS was added from a concentrated stock prepared in buffer to a final concentration of 30 mM. In this experiment, the protein to be included in the calorimeter cell (TGF-β2) was dialyzed into 100 mM acetic acid, lyophilized, and resuspended in dialysis buffer supplemented with 30 mM CHAPS. Titrations were performed at 25 °C. Twenty 2 μL injections were performed with an injection duration of 4 s, a spacing of 150 s, and a reference power of 6. Data analysis was performed using the PEAQ-ITC software provided with the instrument.

Results {#sec3}
=======

Expression of Betaglycan and Its Subdomains, BG~O~, BG~ZP~, and BG~ZP-C~ {#sec3.1}
------------------------------------------------------------------------

Betaglycan is a proteoglycan with a large extracellular domain (82.1 kDa without glycoslyation) and a single membrane-anchoring helix, as depicted in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A. On the basis of the secondary structure prediction and plasmin or BMP1 digestion,^[@ref22],[@ref30]^ betaglycan's extracellular domain can be divided into two subdomains, the membrane-distal orphan domain of approximately 42 kDa (BG~O~) and the zona pellucida domain (BG~ZP~) of approximately 36 kDa. BG~ZP~ can also be further subdivided into N- and C-terminal domains termed BG~ZP-N~ and BG~ZP-C~, respectively.^[@ref14],[@ref23]^ Both BG~O~ and BG~ZP~ bind TGF-βs, although as shown previously, BG~ZP-C~ includes all of the residues within the zona pellucida domain responsible for binding both TGF-β and inhibin A.^[@ref14],[@ref23]^

Previously, the full-length betaglycan extracellular domain (BG~O-ZP~) and its subdomains were expressed in insect cells.^[@ref8]^ However, the isolated protein was highly glycosylated and contained large amounts of disulfide-linked aggregates, which made the protein difficult to purify, particularly the high-molecular weight BG~O-ZP~. To improve the homogeneity, BG~O-ZP~, BG~ZP~, and BG~ZP-C~ were expressed in CHO-lec3.2.8.1 cells that have four mutations that almost entirely eliminate O-linked glycans and severely truncate N-linked glycans.^[@ref31]^[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B--D shows that treatment of CHO-lec3.2.8.1 cell-expressed BG~O-ZP~, BG~ZP~, and BG~ZP-C~ with endoglycosidase H, which cleaves mannose oligosaccharides linked to asparagines, reduced them to the expected size of their core protein. BG~O~, in contrast, was expressed as an insoluble protein in *E. coli* and renatured into the native receptor by oxidative refolding ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}E). Recombinant BG~O~ produced in *E. coli* bound TGF-β2 in a manner identical to that of recombinant BG~O~ produced in insect cells as assessed by a sandwich ELISA with immobilized BG~O~ ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.6b00566/suppl_file/bi6b00566_si_001.pdf)).

TGF-β2 Binds Betaglycan but Only Weakly Binds TβRII {#sec3.2}
---------------------------------------------------

TGF-β2 is well-known to bind betaglycan with high affinity,^[@ref22],[@ref32]^ but it only weakly binds TβRII.^[@ref9],[@ref10],[@ref33]^ SPR was used to quantitate the relative affinities of these two receptors for TGF-β2 as shown in panels A and D of [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. The individual sensorgrams were normalized to the molecular weight of the analyte. The binding affinity (*K*~D~) and maximal response (*R*~max~) were obtained by fitting the normalized equilibrium response (*R*~eq~) as a function of concentration to the equation *R*~eq~ = (*R*~max~\[conc\])/(*K*~D~ + \[conc\]) ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}C,F). The affinity of BG~O-ZP~ for TGF-β2 is 4.2 ± 0.6 nM, and the affinity of TβRII for TGF-β2 is 2.9 ± 1.1 μM ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). Although we were able to calculate a *K*~D~ and *R*~max~ for binding of TβRII to TGF-β2, the *K*~D~ is close to the highest concentration measured (4 μM), and therefore, the *K*~D~ and *R*~max~ provide only very approximate estimates of the actual values.

![Binding of full-length betaglycan (BG~O-ZP~) to TGF-β2 and TGF-β2TM and estimation of its binding stoichiometry by SPR. (A and B) SPR sensorgrams for binding of BG~O-ZP~ to immobilized TGF-β2 and TGF-β2TM, respectively. Black lines over sensorgrams denote the period of injection of a 2-fold dilution series of BG~O-ZP~ from 1 to 0.002 μM. Normalized responses were calculated by dividing the measured response by the molecular weight of the analyte in daltons and multiplying by 10^6^. (C) Plot of the normalized equilibrium response for binding of BG~O-ZP~ to TGF-β2 (orange) or TGF-β2TM (black) as a function of the concentration of BG~O-ZP~. Equilibrium binding constants were obtained by fitting the normalized equilibrium response as a function of concentration to a standard binding isotherm (fitted curve shown as a solid dashed orange line for TGF-β2 and solid black line for TGF-β2TM). (D and E) SPR sensorgrams for binding of TβRII to immobilized TGF-β2 and TGF-β2TM, respectively. Black lines over sensorgrams denote the period of injection of a 2-fold dilution series of TβRII from 4 to 0.008 μM. Other details are as described for panels A and B. (F) Plot of the normalized equilibrium response for binding of TβRII to TGF-β2 (orange) or TGF-β2TM (black) as a function of the concentration of TβRII. Other details are as described for panel C. (G) Schematic depiction of 1:1 TGF-β/BG~O-ZP~ complexes suggested by the binding data shown in panels C and F.](bi-2016-00566d_0002){#fig2}

###### Binding Constants for Binding of TGF-β2 and TGF-β2TM to BG~O-ZP~ and TβRII

  surface    analyte    *K*~D~ (nM)   *R*~max~ (RU[a](#t1fn1){ref-type="table-fn"})
  ---------- ---------- ------------- -----------------------------------------------
  TGF-β2     BG~O-ZP~   4.2 ± 0.6     180 ± 4
  TGF-β2TM   BG~O-ZP~   5.5 ± 0.6     182 ± 4
  TGF-β2     TβRII      2900 ± 1100   105 ± 22
  TGF-β2TM   TβRII      148 ± 8       386 ± 5

Normalized to molecular weight.

The crystal structure of the TGF-β ternary complex^[@ref21],[@ref34],[@ref35]^ shows each TGF-β homodimer binds two molecules of TβRII and two molecules of TβRI. The stoichiometry with which betaglycan binds TGF-β has not, however, been rigorously established. Pepin et al. reported that deletion mutants of betaglycan could form dimers and oligomers when chemically cross-linked to radiolabeled TGF-β2,^[@ref19]^ and Vilichis-Landeros et al. reported that betaglycan ecotodomains form stable noncovalent dimers.^[@ref32]^ However, a more recent study showed that upon TGF-β stimulation, betaglycan did not form dimers on the cell surface.^[@ref36]^

To investigate the stoichiometry directly, the SPR measurements described above were repeated, but using TGF-β2TM, a variant of TGF-β2 that binds TβRII with an affinity comparable to that of TGF-β1 and TGF-β3 because of substitution of three residues in the TβRII binding site (K25R, I92V, and K94R).^[@ref9],[@ref10]^ TGF-β2TM was shown to bind BG~O-ZP~ in a manner indistinguishable from that of TGF-β2, with *K*~D~s of 5.5 ± 0.6 nM for TGF-β2TM and 4.2 ± 0.6 nM for TGF-β2 and similar kinetics ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A,B and [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). TβRII was shown to bind TGF-β2TM with an affinity (*K*~D~ of 148 ± 8 nM) significantly greater than that for TGF-β2 (*K*~D~ of nearly ≥3 μM) ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B,E and [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}), consistent with earlier reports that TGF-β2TM bound TβRII with an affinity comparable to that of TGF-β1 and TGF-β3.^[@ref10]^ Therefore, the three substitutions significantly increase the binding affinity for TβRII but do not affect the affinity for BG~O-ZP~. The maximal SPR response (*R*~max~), normalized for the molecular weight, for binding of BG~O-ZP~ to TGF-β2 and TGF-β2TM is near 200 RU, while the normalized maximal response for binding of TβRII to TGF-β2TM is near 400 RU ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}C,F and [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). This indicates that half the number of BG~O-ZP~ molecules bind each TGF-β homodimer compared to TβRII, suggesting that BG~O-ZP~ binds TGF-β homodimers with a 1:1 stoichiometry. This finding, together with the previous finding that BG~O~ and BG~ZP~ bind TGF-βs without cooperating or competing with one another,^[@ref22]^ suggests that BG~O~ and BG~ZP~ bind at independent sites and that BG~O-ZP~ binds TGF-β homodimers in the manner shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}G.

Effect of Betaglycan on TβRII Binding {#sec3.3}
-------------------------------------

Cross-linked complexes have been detected between the TGF-β isoforms and TβRII and betaglycan on the cell surface,^[@ref4]^ suggesting that such complexes exist and that they play a role in the potentiation of TGF-β signaling by betaglycan. To assess whether the betaglycan ectodomain could potentiate the binding of TβRII, SPR was used to measure the affinity of TβRII for TGF-β2TM or TGF-β2 in the presence or absence of 80 nM BG~O-ZP~, which should be sufficient to almost completely saturate the immobilized TGF-β2TM or TGF-β2. The SPR sensorgrams show that BG~O-ZP~ appears to have two effects on the binding of TβRII. The first is a slight potentiation of the binding affinity as shown by an approximate 3--8-fold enhancement of the concentration dependence of the equilibrium response for binding of TβRII to TGF-β2TM or TGF-β2 ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A,B,D,E and [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). The second is a decrease in the SPR maximal response for binding of TβRII to TGF-β2TM or TGF-β2 in the presence of BG~O-ZP~ by a factor of approximately 2.5 ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}C,F and [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). This suggests that the full-length betaglycan extracellular domain binds TGF-β dimers in a manner that blocks one of the TβRII binding sites. The fact that TβRII binds TGF-β2 or TGF-β2TM with a higher affinity in the presence of BG~O-ZP~ suggests either that betaglycan induces small changes in ligand structure and/or dynamics that indirectly enhance the binding of TβRII or that the two receptors bind in such a way that they directly contact one another. These findings are consistent with the earlier cell-based cross-linking studies that demonstrated the existence of TGF-β/TβRII/betaglycan ternary complexes on the cell surface^[@ref4]^ and suggest that betaglycan-bound TGF-β retains the ability to bind one molecule of TβRII and forms a 1:1:1 ternary complex, as shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}G.

![Effect of betaglycan binding on TβRII binding to TGF-β2 and TGF-β2TM. (A and B) SPR sensorgrams for binding of TβRII to TGF-β2TM in the absence and presence of 80 nM BG~O-ZP~, respectively. Black lines over sensorgrams denote the period of injection of a 2-fold dilution series of TβRII from 4 to 0.008 μM. (C) Plot of the equilibrium response for binding of TβRII to TGF-β2TM in the absence (black) or presence (red) of 80 nM BG~O-ZP~. Equilibrium binding constants were obtained by fitting the equilibrium response as a function of concentration to a standard binding isotherm. The fitted curve is shown as a solid black or red line in the absence or presence of BG~O-ZP~, respectively. (D and E) SPR sensorgrams for binding of TβRII to TGF-β2 in the absence and presence of 80 nM BG~O-ZP~, respectively. Other details are as described for panels A and B. (F) Plot of the equilibrium response for binding of TβRII to TGF-β2 in the absence (black) or presence of 80 nM BG~O-ZP~ (red). Other details are as described for panel C. (G) Schematic depiction of the 1:1:1 TGF-β/TβRII/BG~O-ZP~ ternary complex suggested by the SPR binding data shown in [Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}.](bi-2016-00566d_0003){#fig3}

###### Binding Constants for Binding of TGF-β2 and TGF-β2TM to TβRII

  surface    analyte                  *K*~D~ (nM)   *R*~max~ (RU)
  ---------- ------------------------ ------------- ---------------
  TGF-β2     TβRII                    9400 ± 2200   56 ± 10
  TGF-β2     TβRII (80 nM BG~O-ZP~)   1070 ± 160    21 ± 1
  TGF-β2TM   TβRII                    129 ± 11      158 ± 3
  TGF-β2TM   TβRII (80 nM BG~O-ZP~)   43 ± 8        60 ± 2

Betaglycan Binding in Solution {#sec3.4}
------------------------------

The SPR results presented in [Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"} suggest that TGF-β, TβRII, and BG~O-ZP~ form a 1:1:1 complex. To assess whether such a complex could form in solution, a 1:2.5 TGF-β2TM/TβRII binary complex (1.0 equiv) was prepared and subjected to size-exclusion chromatography (SEC), either alone ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A) or with a substoichiometric amount of BG~O-ZP~ added (0.75 equiv relative to 1.0 equiv of 1:2.5 TGF-β2TM/TβRII binary complex) ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B). Three peaks were eluted for the TGF-β2TM/TβRII:BG~O-ZP~ sample, the first of which (peak a) had the highest UV absorbance and as shown by SDS--PAGE corresponded to the TGF-β2TM/BG~O-ZP~/TβRII ternary complex (inset). The intensities of the second and third peaks (peaks b and c, respectively) were much lower; these eluted at the same volume as the first and second peaks (peaks a and b) present in the TGF-β2TM/TβRII sample and corresponded to excess TGF-β2TM/TβRII binary complex and excess TβRII, respectively (inset). To determine whether the three proteins in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B peak a corresponded to that of a stable stoichiometric ternary complex, an aliquot was analyzed by native PAGE, alongside a ternary complex assembled from individual components. The native gel revealed a sharp band that migrated like that of the ternary complex assembled from individual components, but no band that corresponded to excess TGF-β2TM/TβRII binary complex or BG~O-ZP~ ([Figure S2A](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.6b00566/suppl_file/bi6b00566_si_001.pdf)). To estimate the molecular mass of the TGF-β2TM/TβRII/BG~O-ZP~ complex, BG, BG~O~, and TβRII, which are of known size, were analyzed alone by SEC, and their partition coefficients, *K*~av~, were plotted as a function of the log of their molecular weight ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}D). The three data points for BG, BG~O~, and TβRII could be readily fit to a straight line, which in turn was used to estimate the molecular mass of the TGF-β2TM/TβRII/BG~O-ZP~ complex based on its *K*~av~ value. This line predicted a near perfect match with the predicted mass for the 1:2 TGF-β2TM/TβRII and 1:1:1 TGF-β2TM/TβRII/BG~O-ZP~ complexes (54 and 132 kDa, respectively) ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}D), confirming the known stoichiometry of the 1:2 TGF-β2TM/TβRII complex^[@ref21],[@ref34],[@ref35]^ and tentatively confirming the 1:1:1 stoichiometry inferred from the SPR measurements of the TGF-β2TM/TβRII/BG~O-ZP~ complex.

![Complexes formed between BG~O-ZP~ and BG~O~ with TGF-β and TβRII in solution as assessed using SEC and SEC--MALS. (A--C) Superdex 200 16/60 SEC chromatograms for complexes formed by adding 2.5 equiv of TβRII to 1.0 equiv of TGF-β2TM, 0.75 equiv of BG~O-ZP~ to 1.0 equiv of 2.5:1 TGF-β2TM/TβRII binary complex, and 3.0 equiv of BG~O~ to 1.0 equiv of 2.5:1 TGF-β2TM/TβRII binary complex, respectively. Peaks labeled "el" and "tv" on the chromatograms correspond to the exclusion limit and total volume for the column, respectively. Shown in the inset is a nonreducing SDS--PAGE gel of the major peaks that eluted. (D) Plot of the SEC partition coefficient, *K*~av~, as a function of the logarithm of the molecular weight for three proteins studied alone, TβRII, BG~O~, and BG~O-ZP~ (black triangles). The red line corresponds to a fit of the data for the proteins alone (TβRII, BG~O~, and BG~O-ZP~), which are of known size, to a straight line. Green circles shown on the plot correspond to the *K*~av~ values for the TGF-β2TM/TβRII, TGF-β2TM/TβRII/BG~O~, and TGF-β2TM/TβRII/BG~O-ZP~ complexes plotted as a function of the molecular weights of the complexes assuming the stoichiometries inferred from the SPR measurements (1:2 TGF-β2TM:TβRII, 1:2:1 TGF-β2TM:TβRII:BG~O~, and 1:1:1 TGF-β2TM:TβRII:BG~O-ZP~). (E) Superdex 200 Increase 10/300 GL SEC--MALS chromatograms obtained for the same three complexes shown in panels A--C. Complexes are labeled as follows: BG-TC (TGF-β2TM/TβRII/BG~O-ZP~), BG~O~-TC (TGF-β2TM/TβRII/BG~O~), and TβRII-BC (TGF-β2TM/TβRII). Estimated molecular weights derived from the multiangle light scattering measurements are shown below the peak for the TGF-β2TM/TβRII binary complex (blue traces) and above the peaks for the TGF-β2TM/TβRII/BG~O~ and TGF-β2TM/TβRII/BG~O-ZP~ ternary complexes (green and red traces, respectively). One unexpected observation is that the peak corresponding to the excess TGF-β2TM/TβRII binary complex present in the TGF-β2TM/TβRII/BG~O-ZP~ sample eluted at a volume (panel E, red trace, 13.6 mL) slightly larger than that of the peak for the TGF-β2TM/TβRII binary complex sample (panel E, blue trace, 12.6 mL). Multiple runs performed with decreasing amounts of the TGF-β2TM/TβRII complex loaded show that this is due to a loading effect, with larger amounts loaded (and thus higher concentrations) eluting earlier ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.6b00566/suppl_file/bi6b00566_si_001.pdf)). Most likely, the earlier elution at higher loading concentrations is the result of the preponderance of 1:2 TGF-β2TM/TβRII binary complexes, while at lower loading concentrations, there is a preponderance of 1:1 TGF-β2TM/TβRII binary complexes.](bi-2016-00566d_0004){#fig4}

To directly assess the mass and stoichiometry, SEC--MALS and ITC experiments were performed. To perform the SEC--MALS measurements, the TβRII/TGF-β2TM and TβRII/TGF-β2TM/BG~O-ZP~ samples were prepared in an identical manner and analyzed by SEC--MALS. The chromatograms obtained were very similar to those obtained before, and the estimated molecular masses for the TGF-β2TM/TβRII and TGF-β2TM/TβRII/BG~O-ZP~ complexes were between 52 and 59 kDa and between 116 and 125 kDa, respectively ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}E). The former is in close agreement with the mass expected for the 2:1 TGF-β2TM/TβRII complex (54 kDa),^[@ref21],[@ref34],[@ref35]^ while the latter is in close agreement with the mass of 132 kDa estimated for the 1:1:1 TGF-β2TM/TβRII/BG~O-ZP~ complex.

To further confirm the 1:1:1 stoichiometry for the TGF-β2TM/TβRII/BG~O-ZP~ complex, ITC was performed in which BG~O-ZP~ was titrated into TGF-β2. To accomplish this, CHAPS was included in the buffer used to prepare TGF-β2 (as well as BG~O-ZP~) because TGF-βs are practically insoluble over the entire pH range (4.5--9.5), where BG~O-ZP~ is expected to be natively folded and bind.^[@ref37]^ The ITC data showed a readily detectable binding curve with a negative enthalpy that could be fit to a binding model with a stoichiometry of 1.04 ± 0.04 and a *K*~D~ of 109 ± 56 nM ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A,B and [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}). The observed stoichiometry is consistent with the stoichiometry estimated from the SPR data shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, although the *K*~D~ is roughly 10--30-fold higher. To investigate whether the increase in *K*~D~ might have been caused by the different solution conditions used for the SPR and ITC experiments (namely, the presence of 30 mM CHAPS for the ITC experiments, but not the SPR), an additional direct binding SPR experiment was performed with BG~O-ZP~, BG~O~, and BG~ZP-C~ in the presence of increasing concentrations of CHAPS. The SPR results clearly show that CHAPS diminishes the binding affinity of BG~O-ZP~ for TGF-β2 by ∼6-fold and that most of the decrease stems from the orphan domain ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.6b00566/suppl_file/bi6b00566_si_001.pdf)). Thus, the presence of CHAPS accounts for a large part of the decrease in affinity, though other factors might also contribute, such as immobilization of TGF-β on a hydrogel in the SPR experiment but not in the ITC experiment.

###### ITC Binding Data

  -------------------------------- -------------------------------------------- ---------------------------- ---------------------------------------
  sample cell component            TGF-β2                                       TGF-β2TM/BG~O-ZP~            TGF-β2TM/TβRII
  syringe component                BG~O-ZP~                                     TβRII                        BG~O~
  sample cell concentration (μM)   5.40                                         16.7                         10.0
  syringe concentration (μM)       58.0                                         263                          161
  buffer                           10 mM NaH~2~PO~4~ and 30 mM CHAPS (pH 7.4)   10 mM NaH~2~PO~4~ (pH 7.4)   25 mM glycine and 50 mM NaCl (pH 8.5)
  *N* (sites)                      1.04 ± 0.04                                  1.04 ± 0.04                  1.07 ± 0.02
  *K*~D~ (nM)                      109 ± 56                                     510 ± 212                    82 ± 26
  Δ*H* (kJ mol^--1^)               --52.6 ± 4.1                                 --29.3 ± 1.8                 --38.8 ± 1.1
  Δ*G* (kJ mol^--1^)               --39.8                                       --36.0                       --40.5
  --*T*Δ*S* (kJ mol^--1^)          12.8                                         --6.7                        --1.7
                                                                                                             --8.6
  -------------------------------- -------------------------------------------- ---------------------------- ---------------------------------------

![Assessment of binding stoichiometry using ITC. (A and B) ITC raw heats for injection of BG~O-ZP~ into TGF-β2 at pH 7.0 in the presence of 30 mM CHAPS and integrated heat values (black data points) as a function of the BG~O-ZP~:TGF-β2 molar ratio fitted to a standard binding isotherm (smooth red curve), respectively. (C and D) ITC raw heats and integrated heat values, respectively, for injection of TβRII into the TGF-β2TM/BG~O-ZP~ binary complex at pH 7.0 in the absence of CHAPS. (E and F) ITC raw heats and integrated heat values, respectively, for injection of BG~O~ into the TGF-β2TM/TβRII complex at pH 7.0 in the absence of CHAPS. Other details in panels C--F are the same as those in panels A and B.](bi-2016-00566d_0005){#fig5}

To directly assess the effect of betaglycan on TβRII binding stoichiometry, an additional ITC experiment was performed in which TβRII was titrated into the preformed 1:1 TGF-β2TM/BG~O-ZP~ complex. This experiment was performed in the absence of CHAPS as the TGF-β2TM/BG~O-ZP~ complex is soluble at neutral pH. The ITC data showed a readily detectable binding transition with a negative enthalpy for binding of TβRII to the TGF-β2TM/BG~O-ZP~ complex at an approximate 1:1 molar ratio ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}C). The fitted value for the stoichiometry is 1.04 ± 0.04 ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}D and [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}), which is consistent with the 1:1 binding stoichiometry estimated from the SPR data shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. The fitted value for the *K*~D~ was 510 ± 212 nM ([Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}), which after taking into account experimental error is roughly 5-fold higher than that measured by SPR ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). The buffer conditions used for the two experiments had the same pH; however, the buffer and salt concentrations were slightly different (10 mM Hepes and 150 mM NaCl for SPR vs 10 mM phosphate for ITC), so this might be partially responsible for these differences. Other differences, such as immobilization of TGF-β on a hydrogel in the SPR experiment, but not the ITC experiment, might also contribute. Together, these ITC experiments demonstrate that BG~O-ZP~ binds the TGF-β dimer with a 1:1 stoichiometry, and in contrast to TGF-β alone, BG~O-ZP~-bound TGF-β binds TβRII with a 1:1 stoichiometry.

BG~O~, BG~ZP~, and BG~ZP-C~ Binding Stoichiometry {#sec3.5}
-------------------------------------------------

To further dissect how betaglycan binds, the binding of the isolated domains of betaglycan, BG~O~, BG~ZP~, and BG~ZP-C~, together with TβRII, to TGF-β2TM was assessed by SPR. The SPR sensorgrams for binding of BG~O~, BG~ZP~, BG~ZP-C~, and TβRII to TGF-β2TM are shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}A--D, respectively, and plots of the mass-normalized equilibrium response as a function of concentration are shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}E. The data show that the isolated orphan domain binds TGF-β2TM with an affinity slightly greater than that for TβRII, while the zona pellucida domain, BG~ZP~, and the C-terminal portion of the zona pellucida domain, BG~ZP-C~, bind TGF-β2TM with an affinity roughly 2-fold weaker than that for TβRII ([Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}). The similar affinity of BG~ZP~ and BG~ZP-C~ for TGF-β2TM is consistent with earlier reports that only the C-terminal portion of the zona pellucida domain is required for binding TGF-β.^[@ref14],[@ref19]^ The normalized maximal responses for BG~ZP~ and BG~ZP-C~ are comparable to that of TβRII ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}E and [Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}), suggesting that BG~ZP~ and BG~ZP-C~ each bind TGF-β homodimers with a 2:1 stoichiometry. The normalized response for BG~O~ was found to be variable; in some experiments, it was found to be less than half the response for TβRII, BG~ZP~, and BG~ZP-C~, while in other experiments, such as the one shown, the maximal response was 60--65% percent of that of TβRII, BG~ZP~, and BG~ZP-C~. This suggested that BG~O~ might bind TGF-β2TM with a 1:1 stoichiometry; however, this is not definitive, and other approaches, including SEC, SEC--MALS, and ITC, were used to further investigate the binding stoichiometry for this domain.

![Binding of TβRII, BG~O~, BG~ZP~, and BG~ZP-C~ to TGF-β2TM and estimation of their binding stoichiometries. (A--D) SPR sensorgrams for binding of TβRII, BG~O~, BG~ZP~, and BG~ZP-C~, respectively, to immobilized TGF-β2TM. Black lines over sensorgrams denote the period of injection of a 2-fold dilution series (from 4 to 0.008 μM for TβRII, BG~ZP~, and BG~ZP-C~ and from 1 to 0.008 μM for BG~O~). SPR data for TβRII, BG~O~, BG~ZP~, and BG~ZP-C~ were all collected on the same SPR sensor chip; normalized responses were calculated by dividing the measured response by the molecular weight of the analyte in daltons and multiplying by 10^6^. (E) Plot of the normalized equilibrium response for binding of TβRII, BG~O~, BG~ZP~, and BG~ZP-C~ to TGF-β2TM as a function of their concentration. Equilibrium binding constants were obtained by fitting the normalized equilibrium response as a function of concentration to a standard binding isotherm (fitted curve shown as a solid line, red for TβRII, purple for BG~O~, greeen for BG~ZP~, and black for BG~ZP-C~).](bi-2016-00566d_0006){#fig6}

###### Binding of BG~O~, BG~ZP~, BG~ZP-C~, and TβRII to TGF-β2TM

  surface    analyte    *K*~D~ (nM)   *R*~max~ (RU[a](#t4fn1){ref-type="table-fn"})
  ---------- ---------- ------------- -----------------------------------------------
  TGF-β2TM   TβR-II     148 ± 8       280 ± 4
  TGF-β2TM   BG~O~      98 ± 7        172 ± 9
  TGF-β2TM   BG~ZP~     287 ± 37      265 ± 10
  TGF-β2TM   BG~ZP-C~   325 ± 40      290 ± 10

Normalized to molecular weight.

Effect of BG~O~ on TβRII binding {#sec3.6}
--------------------------------

Esparza-Lopez previously showed that the membrane-bound orphan domain promoted the cross-linking of TGF-β2 to TβRII in a manner similar to that of the full-length betaglycan.^[@ref8]^ To assess whether the isolated orphan domain could potentiate the binding of TβRII to TGF-β2, the binding of TβRII to TGF-β2TM in the absence and presence of 800 nM BG~O~ was measured using SPR. The sensorgrams show that BG~O~ increases the affinity for binding of TβRII to TGF-β2TM by approximately 5-fold, while its effects on the *R*~max~ are more modest, with an approximate 1.4-fold increase ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}A--C and [Table [5](#tbl5){ref-type="other"}](#tbl5){ref-type="other"}). The 5-fold potentiation of binding of TβRII by BG~O~ is comparable to that previously observed for BG~O-ZP~, suggesting that the orphan domain alone is capable of potentiating the binding of TβRII. The lack of a decrease in *R*~max~ indicates that BG~O~ does not compete with TβRII binding to either site on the dimeric ligand. The 1.4-fold increase in *R*~max~ may in fact be reflective of binding of BG~O~ and TβRII to the ligand in a cooperative manner, i.e., because the concentration of BG~O~ used was not saturating; if its affinity for the ligand was increased by TβRII, an increase in *R*~max~ is expected. The same experiment performed with TGF-β2 showed a 35-fold potentiation of TβRII binding affinity by BG~O~ and an approximate 2-fold increase in the *R*~max~ ([Figure S4A--C](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.6b00566/suppl_file/bi6b00566_si_001.pdf) and [Table [5](#tbl5){ref-type="other"}](#tbl5){ref-type="other"}). The 7-fold stronger potentiation of TβRII affinity for TGF-β2 by BG~O~ (compared to that for TGF-β2TM) likely results from the influence of BG~O~ on TβRII binding being more evident when the affinity of the TβRII/ligand interaction is lower. The 2-fold increase in *R*~max~ probably occurs for the same reasons mentioned above for TGF-β2TM. Together, these results indicate that, in contrast to BG~O-ZP~, BG~O~ and TβRII do not compete for binding to TGF-β and in fact exhibit cooperative binding. This indicates that BG~O~ binds TGF-β dimers somewhere between the two bound TβRIIs, as shown schematically in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}G.

![Effect of BG~O~ on binding of TβRII to TGF-β2TM and effect of TβRII on binding of BG~ZP~ to TGF-β2TM. (A and B) SPR sensorgrams for binding of TβRII to TGF-β2TM in the absence and presence of 800 nM BG~O~, respectively. Black lines over sensorgrams denote the period of injection of a 2-fold dilution series of TβRII from 4 to 0.008 μM. (C) Plot of the equilibrium response for binding of TβRII to TGF-β2TM in the absence (black) or presence (blue) of 800 nM BG~O~. Equilibrium binding constants were obtained by fitting the equilibrium response as a function of concentration to a standard binding isotherm. The fitted curve is shown as a solid line, black or blue in the absence or presence of BG~O~, respectively. (D and E) SPR sensorgrams for binding of BG~ZP~ to TGF-β2TM in the absence and presence of 4 μM TβRII, respectively. Black lines over sensorgrams denote the period of injection of a 2-fold dilution series of BG~ZP~ from 4 to 0.008 μM. Other details are as described for panels A and B. (F) Plot of the equilibrium response for binding of BG~ZP~ to TGF-β2TM in the absence (black) or presence (blue) of 4 μM TβRII. Other details are as described for panel C. (G and H) Schematic depiction showing the manner of binding of BG~O~ and BG~ZP~/BG~ZP-C~, respectively, by the SPR binding data shown in [Figures [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} and [7](#fig7){ref-type="fig"}.](bi-2016-00566d_0007){#fig7}

###### Binding Constants for Binding of TGF-β2 and TGF-β2TM to TβRII in the Presence and Absence of BG~O~

  surface    analyte                *K*~D~ (nM)   *R*~max~ (RU)
  ---------- ---------------------- ------------- ---------------
  TGF-β2     TβRII                  4600 ± 700    142 ± 13
  TGF-β2     TβRII (800 nM BG~O~)   130 ± 100     320 ± 13
  TGF-β2TM   TβRII                  145 ± 17      720 ± 20
  TGF-β2TM   TβRII (800 nM BG~O~)   30 ± 5        1000 ± 30

Effect of TβRII on BG~ZP~ Binding {#sec3.7}
---------------------------------

The data of Makanji et al. have shown that the residues in inhibin A responsible for binding the betaglycan zona pellucida domain reside on the edge of the ligand fingers and that these are also highly conserved in the TGF-βs.^[@ref20]^ This suggests that the betaglycan zona pellucida domain might bind near the ligand fingertips at a position that partially overlaps with that of TβRII. To assess this, binding of BG~ZP~ to TGF-β2TM, in the absence and presence of a nearly saturating level of TβRII (4 μM), was measured using SPR. The sensorgrams show that in the absence of TβRII, BG~ZP~ binds with a *K*~D~ of 290 nM, while in the presence of 4 μM TβRII, there is a dramatic drop in the amplitudes and the apparent *K*~D~ for binding is increased ∼17-fold to 5000 ± 1300 nM ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}D--F and [Table [6](#tbl6){ref-type="other"}](#tbl6){ref-type="other"}). The increase in the apparent *K*~D~ for binding of BG~ZP~ to TGF-β2TM in the presence of 4 μM TβRII is consistent with competitive binding; *K*~D,app~ = *K*~D~(1 + \[competitor\]/*K*~i~), which predicts that *K*~D,app~ would increase by 1 + 4 μM/0.13 μM, or ∼30-fold. The same experiment performed with TGF-β2 showed that the presence of 4 μM TβRII had little effect on the apparent affinity or response amplitude for binding of BG~ZP~ ([Figure S4D--F](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.6b00566/suppl_file/bi6b00566_si_001.pdf) and [Table [6](#tbl6){ref-type="other"}](#tbl6){ref-type="other"}). This is expected because the concentration of the competitor, TβRII, is not saturating but rather is close to its *K*~D~, and thus, an at most 2-fold increase in *K*~D,app~ is expected. The same experiments described above were also performed with BG~ZP-C~, and as shown by the results presented in [Table [6](#tbl6){ref-type="other"}](#tbl6){ref-type="other"}, TβRII inhibits the binding of BG~ZP-C~ in the same manner as it does BG~ZP~. These results demonstrate that the zona pellucida domain of betaglycan binds at a site that partially overlaps with that of TβRII but requires that TβRII be displaced to allow BG~ZP~/BG~ZP-C~ to bind ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}H). These results also suggest that the ability of BG~O-ZP~ to reduce the TβRII binding stoichiometry from 2:1 to 1:1 is due to the competitive effect of the zona pellucida domain. These measurements, together with those reported above for BG~O~, support the positioning of the orphan and ZP-C domains of betaglycan in the context of the 1:1:1 TGF-β/TβRII/BG~O-ZP~ complex as shown in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"} (stage I).

###### Binding Constants for Binding of TGF-β2 and TGF-β2TM to BG~ZP~ in the Presence and Absence of TβRII

  surface    analyte                 *K*~D~ (nM)   *R*~max~ (RU)
  ---------- ----------------------- ------------- ---------------
  TGF-β2     BG~ZP~                  450 ± 50      280 ± 10
  TGF-β2     BG~ZP~ (4 μM TβRII)     600 ± 70      220 ± 10
  TGF-β2TM   BG~ZP~                  290 ± 40      310 ± 10
  TGF-β2TM   BG~ZP~ (4 μM TβRII)     5000 ± 1300   130 ± 20
  TGF-β2     BG~ZP-C~                450 ± 50      360 ± 10
  TGF-β2     BG~ZP-C~ (2 μM TβRII)   600 ± 50      340 ± 10
  TGF-β2TM   BG~ZP-C~                240 ± 30      620 ± 20
  TGF-β2TM   BG~ZP-C~ (2 μM TβRII)   2400 ± 200    320 ± 10

BG~O~ Binding in Solution {#sec3.8}
-------------------------

The SPR results presented in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} show that BG~O~ does not compete with TβRII for binding TGF-β; thus, any complexes that BG~O~ forms with TGF-β and TβRII are likely to have the TGF-β and TβRII present in a 1:2 stoichiometry. The SPR data in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}, however, did not definitively show whether BG~O~ binds TGF-β homodimers with a 1:1 or 2:1 stoichiometry. To assess the binding stoichiometry in solution, excess BG~O~ (3.0 equiv) was combined with 2.5:1 TβRII/TGF-β2TM binary complex (1.0 equiv) and subjected to size-exclusion chromatography ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}C). Three peaks were eluted, the first of which (peak a) had the highest UV absorbance and as shown by SDS--PAGE corresponded to the TGF-β2TM/TβRII/BG~O~ ternary complex (inset). The intensities of the second and third peaks (peaks b and c, respectively) were much lower, and they corresponded to excess BG~O~ and TβRII, respectively (inset). To assess whether the three proteins in peak a corresponded to that of a stable stoichiometric ternary complex, an aliquot was analyzed by native PAGE, alongside the ternary complex assembled from individual components. The native gel revealed a well-defined band that migrated like a ternary complex assembled from individual components, but only very weak bands that corresponded to BG~O~ or TβRII ([Figure S2C](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.6b00566/suppl_file/bi6b00566_si_001.pdf)).

To estimate the molecular mass of the TGF-β2TM/TβRII/BG~O~ complex, the *K*~av~ versus molecular weight correlation established with BG, BG~O~, and TβRII was used to estimate the molecular mass of the TGF-β2TM/TβRII/BG~O~ complex based on its *K*~av~ value. This predicted a near perfect match with the predicted mass for the 1:2:1 TGF-β2TM/TβRII/BG~O~ complex (92 kDa) ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}D), tentatively indicating that the stoichiometry is 1:2:1.

To directly assess the mass and stoichiometry, SEC--MALS and ITC experiments were performed. To perform the SEC--MALS measurements, a TGF-β2TM/TβRII/BG~O~ sample was prepared in an identical manner and analyzed by SEC--MALS. The chromatogram obtained was very similar to that obtained before, and the molecular mass for the TGF-β2TM/TβRII/BG~O~ complex was estimated to be 92--96 kDa ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}E). This is in close agreement with the mass of 92 kDa estimated for the 1:2:1 TGF-β2TM/TβRII/BG~O~ complex.

To further confirm the 1:1 stoichiometry with which BG~O~ binds TGF-β2TM/TβRII complexes, an ITC experiment was performed in which BG~O~ was titrated into a preformed 1:2 TGF-β2TM/TβRII complex. These experiments were performed in the absence of CHAPS as the TGF-β2TM/TβRII complex is highly soluble in the absence of CHAPS. The ITC raw heats showed a readily detectable binding curve with a negative enthalpy and could be fit to a binding model with a stoichiometry of 1.07 ± 0.02 and a *K*~D~ of 82 ± 26 nM ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}E−F and [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}). The observed stoichiometry is consistent with the stoichiometry estimated from the SEC and SEC--MALS data shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}, and the *K*~D~ is comparable to that measured by SPR ([Tables [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"} and [4](#tbl4){ref-type="other"}). The 1:1 stoichiometry with which BG~O~ binds TGF-β homodimers is likely responsible for the overall 1:1 stoichiometry with which full-length betaglycan binds TGF-β homodimers.

Though attempts were also made to characterize the complexes formed between BG~ZP~ and TGF-β2 in solution using these approaches, this proved to be impractical because the BG~ZP~/TGF-β2 complex is poorly soluble and it was not possible to identify solution conditions under which the complex was stably formed and soluble enough to be studied.

TβRI Binding to TGF-β2TM in the Presence of BG~O~ and BG~O-ZP~ {#sec3.9}
--------------------------------------------------------------

The previous cell-based studies established that betaglycan binds TGF-β2 and promotes the formation of a ternary complex with TβRII.^[@ref4]^ This same study, however, failed to detect a quaternary complex of TGF-β2, TβRII, TβRI, and betaglycan, suggesting that TβRI might displace betaglycan as it binds to form the signaling complex with TβRI and TβRII. To investigate this, a SPR co-injection experiment was performed in which a saturating concentration of BG~O-ZP~ (1 μM) was injected with a subsaturating concentration of TβRII (1 μM) onto a TGF-β2 surface until it approached equilibrium, followed by an injection of the same two receptors at the same concentration, but with increasing concentrations (from 0.063 to 2 μM) of TβRI added. This co-injection experiment showed that betaglycan blocks binding of TβRI, as evidenced by the lack of a significant increase in the SPR response in the second part of the injection ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}A). To confirm that the TβRII used for these experiments was capable of binding and recruiting TβRI, the same experiment was performed except BG~O-ZP~ was omitted from both the first and second part of the injection. This yielded a readily detectable increase in the SPR response during the second part of the injection ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}B), which is expected, because it is well-known that TβRI binds at a shared interface formed by TGF-β and TβRII, with the result that TβRII potentiates the binding of TβRI to ligand several hundred-fold.^[@ref27],[@ref34],[@ref35]^ Thus, BG~O-ZP~ evidently blocks the binding of TβRI, suggesting that one or both of its domains must be displaced to allow TβRI to be recruited into the complex. To determine whether one of betaglycan's domains or both block the binding of TβRI, the same experiment shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}A was performed, but by using 1 μM BG~O~ in place of 1 μM BG~O-ZP~. In contrast to the experiment with BG~O-ZP~, there was a slight increase in the SPR response when TβRI was present during the second part of the injection ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}C). In this case, the increase is roughly 25% of that observed in the absence of BG~O-ZP~ or BG~O~. This is probably because the concentration to BG~O~ used in the experiment (1000 nM) was only slightly greater than its *K*~i~ (700--900 nM), resulting in a 75%, but not complete, suppression of TβRI binding and recruitment \[when BG~O-ZP~ was used as a competitor, its concentration (1000 nM) was roughly 200-fold greater than its *K*~i~ (5 nM)\]. These results show that betaglycan, in particular its orphan domain, competes for binding against TβRI ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}D) and that displacement of this domain is required to allow TβRI to bind ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}E).

![Effect of betaglycan on the binding and recruitment of TβRI. (A) SPR sensorgrams from a co-injection experiment in which a constant concentration of 1 μM TβRII and 1 μM BG~O-ZP~ was injected over immobilized TGF-β2, followed immediately by an injection of 1 μM TβRII and 1 μM BG~O-ZP~ with increasing concentrations of TβRI (serial 2-fold dilution from 2 to 0.063 μM TβRI). (B and C) SPR sensorgrams from a co-injection experiment performed in a manner identical to that described for panel A, but with no BG~O-ZP~ present in either first or second injection (B) or 1 μM BG~O~ used in place 1 μM BG~O-ZP~ during the first and second injection (C). Other details are as described for panel A. (D and E) Schematic depiction of how BG~O~ blocks the binding of TβRI and how it must be displaced to allow TβRI to bind, respectively.](bi-2016-00566d_0008){#fig8}

To determine whether TβRI might in fact be capable of displacing bound BG~O-ZP~ in the context of a TGF-β2TM/TβRII/BG~O-ZP~ complex, preformed TGF-β2TM/TβRII/BG~O-ZP~ complexes were incubated for an increasing period of time with excess TβRI and TβRII and subjected to native gel electrophoresis ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.6b00566/suppl_file/bi6b00566_si_001.pdf)). This showed that TβRI rapidly displaced BG~O-ZP~ to form TGF-β2TM/TβRII/TβRI complexes. This experiment was repeated using TGF-β2, but because TGF-β2/TβRII/TβRI complexes are too unstable to be detected by native gels,^[@ref27]^ it could not be determined whether this type of handoff also occurs for this ligand. This does, however, not imply a handoff mechanism would not occur for TGF-β2 as this process normally occurs with membrane-attached receptors, which is likely to exert a strong influence on the assembly mechanism.

Discussion {#sec4}
==========

TGF-βs signal by binding and bringing together two cell surface receptors, TβRI and TβRII. The early work of Laiho^[@ref6]^ and Wrana,^[@ref38]^ and more recently that of Zúñiga^[@ref27]^ and Groppe,^[@ref34]^ has helped to define how TGF-βs assemble their signaling complex. TGF-βs first bind TβRII with a high affinity to form a stable binary complex. This creates a composite TGF-β/TβRII interface, to which TβRI is recruited.^[@ref34],[@ref35]^ The recruitment of TβRI and assembly of the TβRII/TβRI heterotetramer initiate a phosphorylation cascade that elicits TGF-β signaling.^[@ref38]^ TGF-β1 and TGF-β3 bind TβRII with high affinity and can therefore assemble the signaling complex in this manner, but TGF-β2 differs in that it binds TβRII with an affinity that is roughly 200-fold lower.^[@ref9]−[@ref11]^

The TGF-β family coreceptor betaglycan, also known as the TGF-β type III receptor, binds TGF-β1--TGF-β3 with high affinity (*K*~d~ = 5--20 nM) by simultaneously contacting TGF-βs at independent sites through its two component binding domains.^[@ref22]^ The effects of betaglycan are nonetheless the strongest for TGF-β2, which because of its low intrinsic affinity for TβRII signals at only supraphysiological concentrations in betaglyan's absence.^[@ref4],[@ref9],[@ref11]^ Betaglycan has been shown by cross-linking to form a ternary complex on the cell surface with TGF-β2 and TβRII,^[@ref4]^ but the nature of this complex and how it promotes the transition to the signaling complex with TβRI and TβRII are not understood. The importance of betaglycan for potentiation of TGF-β2 signaling *in vivo* is demonstrated by betaglycan knockout mice, which are embryonic lethal^[@ref39]^ and share many of the phenotypic characteristics of the TGF-β2 knockout mice,^[@ref40]^ including pronounced cardiac and liver defects.

The binding studies presented here show that the full-length betaglycan extracellular domain, encompassing both its N-terminal orphan and C-terminal zona pellucida domains, binds TGF-β homodimers with a 1:1 stoichiometry in a manner that allows one molecule of TβRII to bind. This suggests that the TGF-β2/TβRII/betaglycan complex previously detected in the cross-linking studies by López-Casillas and co-workers^[@ref4]^ likely has a stoichiometry of 1:1:1. The binding studies presented here further show that the full-length betaglycan ectodomain leads to a modest (5--9-fold) potentiation of TβRII binding. This suggests at least two possible mechanisms by which betaglycan might potentiate the binding of TβRII to TGF-β2. The first is by binding and sequestering TGF-β2 on the cell surface, which should promote TβRII binding by increasing the local concentration and diminishing the unfavorable translational entropy that must be overcome to bind. The second is by increasing the favorable enthalpy of binding, either indirectly by altering the conformation of TGF-β2 to improve contacts with TβRII or, alternatively, by directly contacting TβRII to reinforce its binding.

The binding studies presented here further showed that the full-length betaglycan extracellular domain (BG~O-ZP~) and the betaglycan orphan domain alone (BG~O~) competed with TβRI for binding TGF-β2. This suggests that for TβRI to be recruited, betaglycan must be at least partially displaced by TβRI. This suggests a possible "handoff" mechanism in which the recruitment of TβRI functions not only to displace the orphan domain of the coreceptor but also to stabilize the weakly bound TβRII through direct receptor--receptor contact. It should be noted that this direct receptor--receptor contact has been demonstrated in crystal structures of the TGF-β1/TβRII/TβRI and TGF-β3/TβRII/TβRI ternary complexes.^[@ref21],[@ref34],[@ref35]^ In accompanying functional studies, the direct receptor--receptor contact has been shown to be responsible for the several-hundred fold higher affinity with which TβRI binds the TGF-β/TβRII complex compared to that of TGF-β alone.^[@ref27],[@ref34],[@ref35],[@ref41]^ Importantly, if TβRII potentiates the binding of TβRI several-hundred fold, then it must also hold that TβRI stabilizes the binding of TβRII.

The precise nature of the TGF-β/TβRII/betaglycan complex must await the direct determination of this structure using crystallography or other methods, but one model consistent with the observations in this paper is shown in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"} (stages I and II). One interesting aspect of this model is that it predicts the existence of a TGF-β2/TβRII/TβRI/betaglycan quaternary complex ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}, stage III), which may represent a functional signaling complex based on the previous observation that artificial TGF-β3 heterodimers capable of binding only one TβRII and one TβRI retain nearly half the signaling activity of TGF-β3 homodimers.^[@ref42]^ However, even if this quaternary complex is capable of signaling, it is likely short-lived, as previous cell-based studies detected the TGF-β/TβRII/betaglycan^[@ref4]^ and TGF-β/TβRII/TβRI ternary complexes,^[@ref43]−[@ref47]^ but not quaternary complexes with TGF-β2, TβRII, TβRI, and betaglycan. Importantly, the complete displacement of betaglycan may be due to its lowered affinity as it undergoes a transition from binding TGF-β homodimers in a bivalent ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}, stages I and II) to monovalent manner ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}, stage III).

![Proposed mechanism by which betaglycan binds TGF-β homodimers to potentiate receptor complex assembly and signaling.](bi-2016-00566d_0009){#fig9}

The overall 1:1 stoichiometry for binding of the full-length betaglycan extracellular domain to TGF-β homodimers is somewhat unprecedented as TGF-β family homodimers have been shown to bind type I and type II receptor signaling domains, as well as most monomeric TGF-β family modulator proteins, such follistatin,^[@ref48]−[@ref50]^ RGMs,^[@ref51],[@ref52]^ and DAN family antagonists,^[@ref53]^ with 1:2 stoichiometries. Thus, one obvious question is why betaglycan might bind TGF-β homodimers with a 1:1 stoichiometry whereas most other nondimeric TGF-β family accessory proteins bind with a 1:2 stoichiometry. The definitive answer to this question will clearly have to await determination of the structure of the betaglycan orphan domain, which appears to be responsible for dictating the 1:1 stoichiometry, bound to TGF-β, but it is nonetheless tempting to speculate that this is because of two distinctive features of the betaglycan orphan domain. The first is that it has a monomeric size that is large compared to that of TGF-β (more than 1--1.5 times the size of TGF-β) as well as the individual domains of most other modulator proteins; the other is that it binds near the center of the TGF-β homodimer, which is inferred by the known positioning of TβRII on the distal ends of the growth factor homodimer on the ligand fingertips and the fact that BG~O~ and TβRII do not compete for binding TGF-β ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}G). Thus, even though TGF-β homodimers are in principle capable of symmetrically binding the betaglycan orphan domain, they may be unable because of steric overlap with the first bound orphan domain. This possibility is not without precedent as 1:1 stoichiometries have been reported for two other TGF-β family modulator proteins, GASP-1^[@ref54]^ and chordin.^[@ref55],[@ref56]^ Though the structure of GASP-1 with its cognate ligand, myostatin, has not been reported, it has been nonetheless shown that C-terminal truncations alter the binding stoichiometry from 1:1 to 1:2. Thus, the 1:1 stoichiometry for GASP-1 may be achieved in the same manner as that of betaglycan, via occlusion of the binding of the second molecule at the symmetry-related site by steric overlap from the first bound molecule.

The transmembrane protein endoglin is homologous to betaglycan and has been shown to directly bind other TGF-β family ligands, particularly BMP-9 and BMP-10, and to affect the signaling of these ligands.^[@ref57]^ Through SPR-based binding studies, it has been shown that endoglin's abilty to bind BMP-9 and BMP-10 is derived solely from its orphan domain.^[@ref58],[@ref59]^ These studies further showed that the endoglin orphan domain competes for binding with type II receptors that bind BMP-9 and -10, namely, ActRII, ActRIIB, and BMPRII, but not with type I receptors that BMP-9 and BMP-10 bind, namely Alk1. These observations may seem at odds with those reported here in which the betaglycan orphan domain was shown not to compete with TβRII for binding TGF-β, but to compete with TβRI. This, however, assumes that endoglin and betaglycan bind their cognate ligands in the same overall manner and that these two family ligands bind their type I and type II receptors in the same overall manner. There are currently no structures reported for either endoglin or betaglycan bound to their cognate ligands; thus, it is not possible to draw any conclusions regarding differences in coreceptor binding. There are, however, structures available for both TGF-βs bound to TβRI and TβRII^[@ref21],[@ref34],[@ref35]^ and for BMP-9 bound to ActRIIB and Alk1,^[@ref60]^ and these reveal very significant differences in the manner by which the receptors bind, particularly for the type II receptor, but also for the type I receptor. The TGF-β type II receptor, TβRII, binds to the TGF-β fingertips through an edge β-strand, whereas the BMP-9 type II receptor, ActRIIB, binds to the BMP-9 knuckle through the exposed face of its central three-stranded β-sheet. The type I receptor for TGF-β (Alk5) and the type I receptor for BMP-9 (Alk1) both use the same β4−β5 loop region and adjacent sheet to bind their cognate ligands. Nonetheless, the two type I receptors are positioned differently on the ligand, with the type I receptor for TGF-β shifted toward the fingertips where it contacts TβRII, the ligand monomer to which TβRII is bound, and, only to a limited extent, the other TGF-β monomer. The type I receptor Alk1, in contrast, has nearly equal contact with both BMP-9 monomers. TGF-β and BMP-9 therefore bind their type I and type II receptors in very different manners. While there might also be differences in the manner by which betaglyan and endoglin bind their cognate ligands, the differences in type I and type II signaling receptor binding alone are sufficient to account for the differences observed in competition studies.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.biochem.6b00566](http://pubs.acs.org/doi/abs/10.1021/acs.biochem.6b00566).Five figures and one table. Figures show a comparison of the binding properties of insect cell- and *E. coli*-derived BG~O~, an analysis of the complexes isolated by SEC by native gel electrophoresis, SEC profiles for TGF-β2TM/TβRII complexes as a function of the amount of material loaded, SPR binding data for binding of TβRII and BG~ZP~ to TGF-β2, and the conversion of the TGF-β2TM/TβRII/BG~O-ZP~ ternary complex to the TGF-β2TM/TβRII/TβRI ternary complex by native gel electrophoresis. Table lists SPR binding constants for binding of BG~O-ZP~, BG~O~, and BG~ZP-C~ to TGF-β2 as a function of CHAPS concentration ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.6b00566/suppl_file/bi6b00566_si_001.pdf))
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TGF-β

:   transforming growth factor-β

TGF-β2TM

:   variant of TGF-β2 bearing K25R, I92V, and K94R substitutions

TβRI

:   TGF-β type I receptor extracellular domain

TβRII

:   TGF-β type II receptor extracellular domain

BG

:   betaglycan

BG~O-ZP~

:   full-length betaglycan extracellular domain

BG~O~

:   betaglycan orphan domain

BG~ZP~

:   betaglycan zona pellucida domain

BG~ZP-C~

:   C-terminal IgG-like domain of the betaglycan zona pellucida domain

BG~ZP-N~

:   N-terminal IgG-like domain of the betaglycan zona pellucida domain

CHO

:   Chinese hamster ovary

CHAPS

:   3-\[(3-cholamidopropyl)dimethylammonio\]-1-propanesulfonate

Tris

:   tris(hydroxymethyl)aminomethane

PMSF

:   phenylmethanesulfonyl fluoride

IPTG

:   isopropyl β-[d]{.smallcaps}-thiogalactopyranoside

Sulfo-NHS

:   *N*-hydroxysulfosuccinimide

EDC

:   1-ethyl-3-(3-dimethylaminopropyl)carbodiimide·HCl

SPR

:   surface plasmon resonance

ITC

:   isothermal titration calorimetry

SEC

:   size-exclusion chromatography

SEC--MALS

:   size-exclusion chromatography--multiangle light scattering

SDS--PAGE

:   sodium dodecyl sulfate--polyacrylamide gel electrophoresis.
